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Gokina NI, Kuzina OY, Vance AM. Augmented EDHF signaling in rat uteroplacental vasculature during late pregnancy. Am J Physiol Heart Circ Physiol 299: H1642-H1652, 2010. First published September 3, 2010; doi:10.1152/ajpheart.00227.2010.-A successful pregnancy outcome relies on extensive maternal cardiovascular adaptation, including enhanced uteroplacental vasodilator mechanisms. The objective of the present study was to determine the contribution of the endothelium-derived hyperpolarizing factor (EDHF) signaling in pregnancy-enhanced uterine vasodilation, to define the role of Ca 2ϩ -activated K ϩ channels in mediating EDHF effects, and to explore the impact of endothelial Ca 2ϩ signaling in pregnancyspecific upregulation of EDHF. Fura 2-based measurements of smooth muscle cell (SMC) and endothelial cell cytosolic Ca 2ϩ concentration ([Ca 2ϩ ]i) were performed simultaneously with measurements of the diameter of uterine radial arteries from nonpregnant (NP) and late pregnant (LP) rats. Changes in SMC membrane potential of pressurized arteries from LP rats were assessed using glass microelectrodes. After blockade of nitric oxide and prostacyclin production, a cumulative application of ACh induced rapid and effective dilatation of uterine vessels from both NP and LP rats. This vasodilation was associated with SMC hyperpolarization and SMC [Ca 2ϩ ]i reduction and was abolished by a high-K ϩ solution, demonstrating that N G -nitro-L-arginine (L-NNA)-and indomethacin-resistant responses are attributable to EDHF. Pregnancy significantly potentiates EDHFmediated vasodilation in part due to enhanced endothelial Ca 2ϩ signaling. L-NNA-and indomethacin-resistant responses were insensitive to iberiotoxin but abolished by a combined treatment with apamin and charybdotoxin, supporting the key role of small-and intermediate-conductance K ϩ channels in mediating EDHF signaling in the maternal uterine resistance vasculature.
acetylcholine; smooth muscle cell hyperpolarization; endothelial calcium signaling; calcium-activated potassium channels SUCCESSFUL PREGNANCY OUTCOME relies on extensive maternal cardiovascular adaptation, including dramatic increase in uteroplacental blood flow. Current studies implicate growth and remodeling of the maternal uterine vasculature and enhanced uterine vasodilation as major underlying mechanisms (1, 3, 36, 37, 43, 44) . Pregnancy is associated with a marked change in uterine endothelial function, resulting in increased basal and stimulated release of nitric oxide (NO) and prostacyclin (PGI 2 ). In large conductive uterine arteries of animals and humans, these two autocoids mostly mediate endotheliumdependent dilatation (3, 50) . Recent studies indicate that a significant part of agonist-induced vasodilation of more distal human myometrial arteries or smaller rat uterine radial arteries is resistant to inhibitors of nitric oxide synthase (NOS) and cyclooxygenase (COX), implicating the role of endotheliumderived hyperpolarizing factor (EDHF) (6, 28) .
Extensive in vivo and in vitro studies during the last decade convincingly demonstrate an essential role of EDHF in regulating the tone of small-resistance arteries and arterioles in a variety of vascular beds (5, 8, 13, 16, 22, 27, 30, 48) . The nature of EDHF remains the matter of substantial controversy, and EDHF is no longer considered as a single endotheliumderived factor. Several diffusible substances or even the mechanism of electrical coupling between endothelial cells (ECs) and smooth muscle cells (SMCs) were proposed for the role of EDHF in different vascular beds. These multiple mechanisms can work separately or in combination depending on the type of EC stimulation as well as the origin of blood vessels (5, 8, 9, 16, 22 ). An elevation of endothelial cytosolic Ca 2ϩ concentration ([Ca 2ϩ ] i ), a key event in response to stimulation of ECs by numerous neurohumoral mediators or mechanical forces, is critically involved in EDHF-evoked vasodilation (5, 8, 22, 34, 41) . This [Ca 2ϩ ] i rise in endothelial cells results in activation of multiple Ca 2ϩ -dependent pathways mediating EDHF. For example, Ca 2ϩ -induced activation of arachidonic acid can cause formation of epoxyeicosatrienoic acids (EETs), a diffusible mediator of EDHF-induced vasodilation in coronary, renal, and skeletal circulations. One of the established mechanisms of EET-induced vasodilation is activation of largeconductance Ca 2ϩ -activated K ϩ channels (BK Ca ) of vascular SMCs, resulting in their hyperpolarization and relaxation (5, 8, 9, 16 (5, 8, 16, 22, 27, 34, 41) . Subsequent efflux of K ϩ from ECs through SK Ca and IK Ca channels can hyperpolarize and relax underlying vascular SMCs through activation of inward-rectifier K ϩ channels, Na ϩ -K ϩ pump, or both (15) . Recently demonstrated colocalization of IK Ca channels and myoendothelial gap junctions provides a structural basis for such mechanism (33, 46) . Hyperpolarization of ECs due to activation of SK Ca and IK Ca channels can also electrotonically spread to neighboring SMCs through myoendothelial gap junctions, resulting in SMC hyperpolarization and relaxation. Contribution of other proposed mediators, such as hydrogen peroxide and C-type natriuretic peptide, in EDHF-related mechanisms is currently under investigation (5, 8, 16) .
In the course of rodent and human pregnancy, maternal preplacental spiral arteries are transformed into large dilated vessels with a loss of their constrictor function. More proximal radial uterine arteries become a major site regulating uteroplacental vascular resistance and, as a consequence, fetal growth and development (4, 21, 37, 43, 44) . In spite of the acknowledged importance of these vessels in the control of uteropla-cental blood flow, the nature of EDHF and its role in the regulation of uteroplacental vascular tone remains unknown. In the present study, we hypothesized that EDHF importantly contributes to pregnancy-specific enhancement of vasodilation in the maternal uterine circulation because of augmented EC Ca 2ϩ signaling and activation of SK Ca and IK Ca channels. Therefore, the purpose of this study was to: 1) characterize the contribution of EDHF to ACh-induced uterine vasodilation; 2) define the effect of pregnancy on EDHF-mediated responses; 3) explore the role of EC [Ca 2ϩ ] i in pregnancy-induced modulation of EDHF; and 4) study the role of BK Ca , SK Ca , and IK Ca channels in EDHFinduced responses of uterine vessels. Virgin cycling nonpregnant (NP, n ϭ 50) or late pregnant (19 -20 day, LP, n ϭ 66) female Sprague-Dawley rats of 14 -16 wk old were used for this study. The estrous cycle of NP rats was determined by examination of vaginal smears on the day of experimentation. In the current study, we used 11 rats in proestrous, 23 rats in metestrous, and 16 rats in diestrous stage of the estrous cycle. Animals were anesthetized by an intraperitoneal injection of Nembutal (50 mg/kg) and killed by decapitation. The abdominal wall was transected, and the entire uterus and uterine vasculature was rapidly removed and pinned in a dissecting dish filled with aerated cold physiological salt solution (PSS; see Solutions and drugs for composition). Second-order uterine radial arteries were identified within the mesometrial arcade and dissected free of connective tissue. Only radial arteries feeding the placenta (uteroplacental arteries) were dissected from LP rats. Arterial segments were cannulated from both ends in the arteriograph and continuously superfused at 3 ml/min with aerated (10% O 2-5% CO2-85% N2) PSS at 37°C. To minimize mechanical stimulation of ECs and SMCs within the arterial wall during the equilibration period, cannulated arteries were initially pressurized to 10 mmHg using the servo pressure system (Living System Instrumentation, Burlington, VT). All experiments were performed at 50 mmHg and under no intraluminal flow conditions. In contrast to uterine radial arteries from NP rats, uteroplacental arteries from LP animals can develop vasoconstriction (myogenic tone) in response to elevations of pressure exceeding 50 mmHg (52) . Therefore, to avoid development of myogenic tone and to equalize experimental conditions for arteries of NP and LP rats, they were pressurized to a similar level: 50 mmHg. Blood pressure measured in vivo in rat distal uteroplacental arteries just before entering the placenta was ϳ14 mmHg (37) . Uteroplacental arteries are located in the middle section of the mesometrial vasculature between the main uterine artery and the placenta. Therefore, physiological levels of pressure experienced by these vessels in vivo should approximate 50 -70 mmHg.
METHODS

Animals
Selective loading of endothelial or SMCs with fura 2 and measurement of intracellular [Ca 2ϩ ]i. Detailed description of the procedure for selective loading of ECs or SMCs of uterine arteries with the Ca 2ϩ -sensitive dye fura 2 was previously published (20, 52) . Briefly, heat-polished glass cannulas were used in all experiments to prevent accidental damage of the endothelial layer during the cannulation procedure and to avoid diffusion of fura 2 to the SMC layer. ECs were loaded with fura 2 at room temperature by intraluminal perfusion of pressurized arteries with fura 2-AM-containing solution (5 M) for 5 min followed by 10 min of washout with regular PSS. A similar protocol was used in our previous study where preferential loading of ECs with fura 2 was confirmed by nearly complete disappearance of fluorescent signal after arterial denudation (20) . SMC loading with fura 2 was performed by extraluminal incubation of arteries in fura 2-AM (5 M) solution at room temperature in the dark for 60 min. Fura 2-loaded arteries were washed two to three times and then continuously superfused with aerated PSS at 37°C. Preferential loading of SMCs over ECs with this protocol can be confirmed by lack of [Ca 2ϩ ]i responses to 3 M ACh in uterine arteries depolarized with high (35-45 mM)-K ϩ solution (see Fig. 4B ). It has been shown that, in pressurized arterioles, ACh-induced increase in EC [Ca 2ϩ ]i was not modulated by high-K ϩ depolarization (10) . Similar experimental protocols were previously used for selective loading of ECs or SMCs in microvessels (7, 35, 53) .
Ratiometric measurements of fura 2 fluorescence from ECs or SMCs were performed using a photomultiplier system (IonOptix, Milton, MA). Experimental ratios were corrected for background fluorescence taken from each artery before loading with fura 2. Background-corrected ratios of 510 nm emission were obtained at a sampling rate of 5 Hz from arteries alternately excited at 340 and 380 nm. The arterial lumen diameter was simultaneously monitored using the SoftEdge Acquisition Subsystem (IonOptix). All experimental protocols were started following an additional 15-min equilibration period at 10 mmHg to allow intracellular deesterification of fura 2-AM.
Measurements of membrane potential from SMCs of pressurized uterine arteries. For intracellular measurement of SMC membrane potential (MP) from pressurized arteries, we used short arterial segments (400 -500 m) that were carefully cleaned of any residual connective tissue. Lumen diameter and MP changes were simultaneously recorded from arteries pressurized at 50 mmHg. Each glass microelectrode was positioned on the top of the arterial segment, and impalement was made from the adventitial surface of the artery by advancing the electrode down the long axis of SMCs. Such position of the glass microelectrode and some flexibility of the microelectrode tip allowed for better maintenance of the impalement during movements of the vessel wall. All MP measurements were performed on uteroplacental arteries of LP rats. Small diameters and stiff vessel walls of radial uterine arteries of NP rats did not allow continuous recordings of SMC MP during ACh application. For measurement of MP, we used microelectrodes filled with 0.5 M KCl having tip resistances of 110 -150 M⍀; an Ag-AgCl pellet was used as an indifferent electrode. A microelectrode was connected to a motorized micromanipulator (World Precision Instruments), and MP was recorded using a highinput impedance amplifier Electro 705 (World Precision Instruments). Changes in MP and arterial diameter were simultaneously displayed and recorded on a desktop computer using a data acquisition program (IonOptix). The following criteria were used for acceptance of MP recordings: 1) abrupt negative change in voltage upon impalement of the cells; 2) a sharp return to zero voltage following withdrawal of a microelectrode tip; 3) tip potential of Ͻ7 mV; and 4) unchanged resistance of microelectrodes after impalement. A stable MP recording for at least 1 min was accepted for data collection.
Protocols for studying EDHF-mediated responses of uterine arteries. After equilibration and loading of cells with fura 2, arteries were incubated with 200 M N G -nitro-L-arginine (L-NNA, NOS inhibitor) and 10 M indomethacin (COX inhibitor) to abolish the production of NO and PGI2, respectively. A number of published observations demonstrated a nearly complete inhibition of agonistinduced endothelial NO production in the presence of 100
] measured with the NO-sensitive dye DAF-2 (14, 31, 57) . The arterial diameters and levels of EC or SMC [Ca 2ϩ ]i were recorded during 5 min at 10 mmHg followed by an elevation of intraluminal pressure to 50 mmHg.
After 20 min of treatment of vessels with L-NNA and indomethacin, phenylephrine (PE) was added in increasing concentrations (1-3 doses) to produce a constriction of 50 -70% of the initial diameter. Following stabilization of vasoconstriction, ACh was applied in in-creasing concentrations. For each artery, dose-dependent effects of ACh were studied only one time. A combination of papaverine (100 M, a phosphodiesterase inhibitor) and diltiazem (10 M, a Ca 2ϩ channel blocker) was added at the end of each experiment to obtain the diameter under maximally dilated conditions. ACh-induced vasodilation was expressed as the percentage of maximal vasodilation in response to papaverine and diltiazem (Dmax). Additional experiments were performed to determine the effects of 3 M ACh in arteries treated with L-NNA and indomethacin and preconstricted by 50 -70% of the initial diameters with moderate (35-45 mM) concentrations of K ϩ . To test the role of SMC BKCa channels in EDHF-mediated responses, L-NNA-and indomethacin-treated uterine arteries were preconstricted with PE by ϳ20 -30% of their initial diameters. Subsequent extraluminal application of iberiotoxin (IBTX), a specific inhibitor of BKCa channels, resulted in an additional constriction that stabilized within 5 min. Final levels of preconstriction by combined treatment with PE and IBTX were 60 -70% of the initial diameters. ACh was then tested in concentrations of 0.03, 0.1, and 10 M. In a separate set of experiments, we studied ACh-induced responses after treatment of the vessels with a combination of 100 nM apamin and 50 nM charybdotoxin (CTX) or 100 nM apamin and 100 nM IBTX. All toxins were delivered intraluminally by producing a transient flow of 30 -50 l/min for 5-8 min. PE was then applied in increasing concentrations to preconstrict arteries, and a combination of apamin and CTX (or IBTX) was added extraluminally with a superfusion solution for an additional 5-10 min. ACh was applied to PE-preconstricted vessels in the presence of apamin and CTX (or IBTX) in 30 -40 min after cessation of intraluminal flow.
In our electrophysiological experiments, each artery was pressurized to 50 mmHg in the presence of L-NNA and indomethacin, and two to three concentrations of PE were added to preconstrict arteries. After stabilization of the PE-induced constriction, microelectrode impalement of SMC was made, and MP was recorded for 2-3 min. Simultaneous changes in SMC MP and the arterial diameter in response to application of 0.1 ACh were then recorded during the next 3-5 min. A combination of papaverine and diltiazem was added at the end of each experiment to maximally dilate the artery.
Solutions and drugs. The PSS contained (in mM): 119 NaCl, 4.7 KCl, 24.0 NaHCO3, 1.2 KH2PO4, 1.6 CaCl2, 1.2 MgSO4, 0.023 EDTA, and 11.0 glucose, pH ϭ 7.4. For the fura 2 calibration procedure, we used a solution of the following composition: 140 mM KCl, 20 mM NaCl, 5 mM HEPES, 5 mM EGTA, 1 mM MgCl2, 5 M nigericin, and 10 M ionomycin, pH ϭ 7.1.
The majority of chemicals was purchased from Sigma Chemical (St. Louis, MO) with the exception of ionomycin and nigericin, which were obtained from Calbiochem (La Jolla, CA). Fura 2-AM and pluronic acid were purchased from Invitrogen (Carlsbad, CA). Fura 2-AM was dissolved in dehydrated DMSO as a 1 mM stock solution, frozen in small aliquots, and used within 1 wk of preparation. L-NNA, PE, ACh, and papaverine were dissolved in deionized water on the experimental day. Diltiazem and indomethacin were prepared as 10 mM stock solutions in deionized water and alcohol, respectively, and kept refrigerated until use. Ionomycin and nigericin were dissolved in methanol (10 mM) and kept at Ϫ20°C. Stock solutions of IBTX, apamin, and CTX were prepared in deionized water and stored at Ϫ20°C until use.
Calculations and statistical analysis. EC or SMC [Ca 2ϩ ]i was calculated using the following equation (23)
where Kd is the dissociation constant, R is an experimentally measured ratio (340/380 nm) of fluorescence intensities, Rmin is a ratio in the absence of [Ca 2ϩ ]i, Rmax is a ratio at Ca 2ϩ -saturated fura 2 conditions, and ␤ is a ratio of the fluorescence intensities at 380 nm excitation wavelength at Rmin and Rmax. Rmin, Rmax, and ␤ were determined by an in situ calibration procedure from the arteries treated with the ionophores ionomycin (10 M) and nigericin (5 M) to increase cell membrane permeability to Ca 2ϩ and minimize Ca 2ϩ extrusion mechanisms through Na ϩ /Ca 2ϩ exchange, respectively (56) . Calibration was performed for two separate sets of vessels loaded intraluminally (endothelial cell loading, n ϭ 9) or extraluminally (SMC loading, n ϭ 8) with fura 2. These values were then pooled and used to convert the ratio values into a [Ca 2ϩ ]i. The Kd (the dissociation constant for fura 2) was 282 nM, as determined by in situ titration of Ca 2ϩ in fura 2-loaded small arteries (29) . Arterial diameter and pressure and ratio values were simultaneously recorded using an IonOptix data acquisition program and imported into SigmaPlot and SigmaStat programs for graphical representation, calculations, and statistical analysis. In view of significant oscillatory activity of uterine arteries, all measurements were made by averaging records of arterial diameters or SMC [Ca 2ϩ ]i during 15-20 s. Data are expressed as means Ϯ SE, where each n is the number of arterial segments studied. One or two arteries from the same animal were used on each experimental day with one vessel per animal used for a particular protocol. A paired or unpaired Student's t-test or two-way repeated-measures ANOVA was used to determine the significance of differences between sets of data, with P Ͻ 0.05 considered significant. The concentration of ACh required to produce half-maximal vasodilation, EC50, was determined for each tested artery using standard curve analysis from data imported into a SigmaPlot program.
RESULTS
Temporal characterization of uterine vasodilation before and after inhibition of NOS and COX.
Late pregnancy was associated with a significant increase in passive lumen diameters of radial uterine arteries at 50 mmHg that averaged
Under control conditions, an application of 1 M ACh resulted in a rapid and complete vasodilation of arteries preconstricted with PE (Fig. 1A) . This response remained stable until washout of ACh. Similar experiments were performed after blockade of NO and PGI 2 production with L-NNA and indomethacin. Initial lumen diameters of arteries in the presence of these inhibitors were comparable to passive lumen diameters of the same arteries treated with papaverine and diltiazem (NP rats
). These data indicate that arteries of both NP and LP rats pressurized at 50 mmHg develop no significant spontaneous tone in the presence of L-NNA and indomethacin. To test vasodilatory effects of ACh in these and other experiments, arteries were preconstricted with PE by 58.4 Ϯ 1.8% (NP, n ϭ 38) and 58.7 Ϯ 2.0% (LP, n ϭ 49) of their initial diameters. The concentrations of PE used to preconstrict vessels from NP rats (0.70 Ϯ 0.10 M) were significantly higher than those used for arteries of LP rats (0.26 Ϯ 0.04 M). Application of 1 M ACh induced vasodilation that reached the maximal value within 3 min and was followed by a partial restoration of the constriction (Fig. 1B) . Initial maximal responses were similar in control and L-NNA-and indomethacin-treated arteries (Fig. 1, C and D) . Sustained vasodilation at the end of a 10-min period of ACh administration was significantly diminished from 93.5 Ϯ 3.2 and 92.0 Ϯ 4.2% to 62.2 Ϯ 11.8 and 58.0 Ϯ 9.4% in arteries of NP and LP rats, respectively (Fig. 1, F and E) . Time for reaching two-thirds of maximal vasodilation in treated arteries from NP (23.1 Ϯ 5.3 s, n ϭ 7) and LP (19.7 Ϯ 3.4 s, n ϭ 8) rats was not significantly different from NP (20.8 Ϯ 3.7 s, n ϭ 6) and LP (15.
Pregnancy enhances L-NNA-and indomethacin-resistant vasodilation of uteroplacental arteries. The effect of pregnancy on EDHF-mediated responses of uterine arteries was characterized next. Figure 2 shows representative changes in the diameters of arteries from NP (A) and LP (B) rats in response to cumulative application of ACh. Vessels were pretreated with L-NNA and indomethacin and preconstricted with PE. The threshold concentration of ACh producing a minimal response was lower for LP arteries (0.03 M) compared with NP controls (0.1 M). In both types of vessels, maximal vasodilation was induced by ACh at 10 M (Fig. 2C) . The EC 50 was significantly decreased at near-term pregnancy from 0.264 Ϯ 0.04 M (n ϭ 8, NP rats) to 0.122 Ϯ 0.03 M (n ϭ 8, LP rats; Fig. 2D ). (Fig. 3, B and C) .
EDHF-mediated uterine vasodilation is associated with a marked reduction in SMC [
Abolition of EDHF-mediated responses of uterine arteries depolarized with high-K
ϩ solution. We next studied the effect of high-K ϩ depolarization on EDHF-mediated responses of uterine arteries to 3 M ACh, the concentration that produced near-maximal dilatation of arteries from both NP and LP rats. As shown in Fig. 4A , in the artery from a LP rat preconstricted with PE in the presence of L-NNA and indomethacin, 3 M ACh induced a marked reduction in SMC [Ca 2ϩ ] i associated with vasodilation. In contrast, in arteries treated with 35-45 mM K ϩ , application of ACh resulted in no significant reduction in [Ca 2ϩ ] i or vasodilation (Fig. 4B) . Similar data were obtained in our experiments using vessels from NP rats (Fig. 4,  C and D) . These findings demonstrate that depolarization of SMCs with high-K ϩ prevents ACh-induced reduction in [Ca 2ϩ ] i and vasodilation, suggesting that these responses are mediated by hyperpolarization of SMCs. 
L-NNA-and indomethacin-resistant uteroplacental vasodilation is associated with SMC hyperpolarization.
Direct evidence that ACh can hyperpolarize SMCs after blockade of NO and PGI 2 production was obtained by microelectrode measurements of MP from SMCs in the wall of uteroplacental arteries from LP rats pressurized at 50 mmHg. Resting MP of SMCs was Ϫ48.4 Ϯ 1.5 mV (n ϭ 6). Application of PE resulted in marked SMC depolarization to Ϫ26.3 Ϯ 0.7 mV that was associated with vasoconstriction (data not shown). Administration of ACh in the concentration 0.1 M hyperpolarized SMCs to 38.7 Ϯ 1.5 mV and resulted in a considerable vasodilation. Representative recordings of simultaneous changes in MP and in the arterial diameter in response to ACh are shown in Fig. 5A . ACh-induced partial hyperpolarization of PEdepolarized SMCs resulted in the appearance of oscillations in MP that were followed by transient arterial constrictions. These findings are summarized in Fig. 5, B (20) . Similar responses were obtained in uterine arteries after blockade of NO and PGI 2 production (data not shown). The onset of vasodilation was delayed from the onset of [Ca 2ϩ ] i elevation in response to 10 M ACh by 4.8 Ϯ 0.4 and 5.7 Ϯ 0.8 s in arteries of NP (n ϭ 5) and LP (n ϭ 6) rats, respectively.
Recent studies indicate that Ca 2ϩ and/or inositol trisphosphate (IP 3 ), elevated in response to agonist stimulation of SMCs, can diffuse to ECs through myoendothelial gap junctions and modulate Ca 2ϩ signaling in endothelial cells (26, 32) . To minimize a possible contribution of this mechanism to endothelial Ca 2ϩ signaling, we studied ACh-induced endothelial [Ca 2ϩ ] i responses in vessels that were not preconstricted with PE. In the presence of L-NNA and indomethacin, basal levels of EC [Ca 2ϩ ] i measured at 50 mmHg were significantly higher in uterine arteries of LP animals (123 Ϯ 7 nM, n ϭ 21) compared with NP controls (81 Ϯ 5 nM, n ϭ 20; Fig. 6, A, B , and C). Results of these studies, shown in Fig. 6, D Blockade of SK Ca and IK Ca channels abolishes EDHFmediated uterine vasodilation. Ca 2ϩ -activated K ϩ channels are commonly implicated in EDHF-mediated vasodilation. We first tested the contribution of SMC BK Ca channels to EDHF in uterine arteries by studying the effects of ACh in the presence of extraluminal IBTX. As evident from the graphs in Fig. 7 , EDHF-mediated SMC [Ca 2ϩ ] i (Fig. 7A ) and dilator responses (Fig. 7B ) of uterine arteries in the presence of IBTX were not different from the control responses shown in Fig. 3 . Responses of arteries from LP rats were significantly enhanced compared with those of vessels from NP controls.
To evaluate the role of endothelial BK Ca , SK Ca , and IK Ca channels in EDHF-mediated uterine vasodilation, we tested ACh-induced changes in SMC [Ca 2ϩ ] i and arterial diameter after blockade of these channels with a combination of apamin and CTX (or apamin and IBTX). To ensure effective inhibition of endothelial K ϩ channels, all toxins were delivered to the arteries intra-and extraluminally. Summary graphs in Fig. 8 demonstrate an abolition of both SMC [Ca 2ϩ ] i (Fig. 8, A and C) and dilator (Fig. 8, B and D) responses to ACh of uterine arteries treated with apamin and CTX. At the same time, the vasodilation induced by 10 M ACh was preserved after combined treatment of arteries with apamin and IBTX (NP rats: 84 Ϯ 5%, n ϭ 5; LP rats: 81 Ϯ 4%, n ϭ 5).
DISCUSSION
This study aimed to explore the role of EDHF in endotheliumdependent vasodilation of maternal uterine resistance arteries and to define the effect of pregnancy on EDHF-mediated vascular responses with a specific focus on endothelial cell Ca 2ϩ signaling. The main findings of this study are: 1) ACh can effectively dilate uterine resistance arteries after blockade of NO and PGI 2 production; 2) L-NNA-and indomethacin-resistant vasodilation to ACh is abolished by high-K ϩ solution and is associated with SMC hyperpolarization and a reduction in SMC [Ca 2ϩ ] i ; 3) late pregnancy increases EDHF-mediated vasodilation in part due to enhanced endothelial Ca 2ϩ signaling; 4) EDHFdependent responses are insensitive to IBTX; and 5) combined treatment of uterine arteries with apamin and CTX abolishes NO-and PGI 2 -resistant responses to ACh, supporting the key role of SK Ca and IK Ca channels in mediating EDHF effects.
The importance of EDHF in the control of regional vascular resistance is well established (16); however, the exact nature and role of EDHF in regulating maternal uterine blood flow remains unclear. The present study utilizing small-resistancesize radial uterine arteries from both NP and LP rats demonstrates that ACh can induce rapid and effective dilatation of these vessels after blockade of NO and PGI 2 production. This vasodilation was associated with SMC [Ca 2ϩ ] i reduction, SMC hyperpolarization, and was abolished by a high-K ϩ solution, suggesting that L-NNA-and indomethacin-resistant responses are attributable to EDHF.
Prevalence of EDHF in the endothelium-dependent control of small uterine artery tone. Previous studies performed on large (main or arcuate) uterine arteries of rodents demonstrated only small and transient endothelium-dependent uterine vasodilation to ACh after inhibition of the production of NO and PGI 2 (12, 40, 51) . In experiments using uterine arteries from both nonpregnant and pregnant women, NOS inhibition resulted in a complete abolition of ACh-induced dilatation (39) . These data are consistent with a relatively minor contribution of EDHF to endothelium-dependent dilatation of large uterine arteries. However, smaller myometrial arteries from nonpregnant or late pregnant women can be markedly dilated with bradykinin or placental growth factor in the presence of NOS and COX inhibitors (28, 42) . EDHF also importantly contributes to ACh-induced dilatation of radial uterine arteries from ovariectomized NP rats (6) . Collectively, previous observations and our current findings indicate that contribution of EDHF to the control of maternal uterine vascular tone increases in more distal uterine vasculature. The inverse relationship between arterial size and magnitude of EDHF-mediated dilatation was previously established in mesenteric, cerebral, and rabbit ear circulations (2, 5, 24, 49) .
The exact mechanism(s) underlying an increased role of EDHF in endothelium-dependent vasodilation of smaller uterine arteries remains unknown. It has been demonstrated that the augmented contribution of EDHF to the control of vascular tone in more distally located mesenteric arteries correlates well with a higher incidence of myoendothelial gap junctions (47) . An increased density of myoendothelial gap junctions may result in more effective electrotonic spreading of agonistinduced hyperpolarization from ECs to neighboring SMCs. It is also conceivable that electrical spreading of hyperpolarization from ECs to SMCs might be more effective in the wall of smaller arteries and arterioles with one to two layers of SMCs compared with large conductive vessels with five to six layers of SMCs.
It is generally accepted that endothelial SK Ca and IK Ca channels play a pivotal role in EDHF effects in the majority of microcirculatory vascular beds (5, 8, 16, 22, 27, 34) . In this regard, relative expression of SK Ca and IK Ca channels was significantly higher in fourth-compared with first-order mesenteric arteries (24) . Therefore, both increased density of myoendothelial gap junctions and/or upregulation in SK Ca and IK Ca channel gene expression may be responsible for augmented EDHF signaling in more distal resistance uterine vasculature.
Late gestation enhances the contribution of EDHF to the control of uteroplacental vascular tone. In this study, we demonstrated for the first time that both EDHF-mediated uterine vasodilation and associated reduction in SMC [Ca 2ϩ ] i were significantly enhanced in late pregnancy. These findings convincingly establish the importance of EDHF in pregnancyspecific upregulation of vasodilatory mechanisms in the maternal uteroplacental circulation. Late gestation was also associated with an increased functional role of EDHF in the mesenteric arteries (17) . The previous observation and our current findings suggest that a common mechanism might be responsible for pregnancy-induced upregulation of EDHF in different vascular beds. The role of estrogen in enhancement of endothelium-dependent vasodilation is well documented in human and animal studies (1, 25, 48) . Estrogen effects are especially prominent in the reproductive vasculature, and marked estrogen-induced sensitization of the uterine artery to ACh was first demonstrated by Bell (1) . The high estrogen state of pregnancy increases endothelial NOS activity in the main uterine artery of the guinea pig (54) . Several recent studies suggest that estrogen can also regulate vascular tone through modulation of EDHF-mediated vascular responses (25, 45, 48) . We recently demonstrated that EDHF-mediated responses of uterine arteries were significantly potentiated by supplementation of ovariectomized rats with estrogen (6) . Taken together, these data strongly suggest an important role of estrogen in pregnancy-induced upregulation of EDHF in uterine and systemic circulations.
Increased endothelial Ca
2ϩ signaling contributed to pregnancy-enhanced EDHF. Although the exact nature of EDHF remains the matter of controversy, it is generally accepted that elevation of intracellular [Ca 2ϩ ] i in response to chemical or mechanical stimulation of endothelial cells is an initial critical step in EDHF-induced vasodilation (5, 8, 16, 22, 34, 41, 46) . In our previous study, we found that chelation of endothelial [Ca 2ϩ ] i with BAPTA abolished ACh-induced [Ca 2ϩ ] i rise and associated vasodilation of rat radial uterine arteries, indicating that Ca 2ϩ is a key mediator for production of endotheliumderived factors, including EDHF (20) . In the current study, ACh-induced EC [Ca 2ϩ ] i elevation was followed by EDHFmediated vasodilation with a time delay of only ϳ5 s. In this regard, it has been reported that onset of endothelial NO production determined with the NO-sensitive dye DAF-2 significantly delayed by 20 -60 s from the onset of agonistinduced elevation in EC [Ca 2ϩ ] i (14, 31, 57) . These data suggest that initial uterine vasodilation in response to the Ca 2ϩ -mobilizing agonist ACh is mostly mediated by EDHF. This conclusion is also supported by the fact that the magnitude and time for reaching two-thirds of initial ACh-induced dilatation in the presence of L-NNA and indomethacin was not different from those of control untreated vessels. Sustained component, however, was significantly diminished, demonstrating that NO and PGI 2 , in addition to EDHF, contribute to sustained uterine vasodilation in the nonpregnant and pregnant states.
In uterine vessels treated with L-NNA and indomethacin, both basal levels of EC [ 2ϩ -dependent intracellular mechanisms accompanied by activation of the EDHF system. It is generally accepted that endothelial SK Ca and IK Ca channels play a pivotal role in EDHF effects in the majority of microcirculatory vascular beds. In the present study, ACh-induced responses were abolished by a combined treatment with apamin and CTX (but not with apamin and IBTX), demonstrating a critical involvement of SK Ca and IK Ca channels in EDHF-mediated vasodilation of rat uterine arteries as well. Similar data were published for small human myometrial arteries (18) . From our study, we concluded that increased EC [Ca 2ϩ ] i responses followed by activation of SK Ca and IK Ca channels is an important mechanism of enhanced EDHFmediated uterine vasodilation during pregnancy. This, however, does not rule out a contribution of other mechanisms. [Ca 2ϩ ] i elevation in ECs resulted in generation of arachidonic acid and formation of a number of diffusible molecules proposed for the role of EDHF (8, 16) . So far, the most convincing evidence was obtained on the role of EETs as EDHF in coronary and renal arteries. In these vessels, EETs can hyperpolarize SMCs through activation of SMC BK Ca channels (9) . In our experiments, IBTX, a highly potent and selective inhibitor of these channels, did not modify L-NNA-and indomethacin-resistant uterine vasodilation, indicating no role for BK Ca channels in EDHF. We cannot, however, exclude an involvement of EETs in paracrine modulation of endothelial SK Ca and IK Ca channel function of uterine vessels. As was reported recently, EETs can promote Ca 2ϩ influx in endothelial cells through Ca 2ϩ -permeable channels or directly activate endothelial K ϩ channels (38, 55) . Finally, expression of SK Ca and IK Ca channels and/or connexins may also be increased during late gestation, adding more complexity to the potential mechanisms contributing to augmented EDHF signaling in the maternal uterine circulation.
The role of EDHF in the control of regional blood flow as well as in systemic blood pressure regulation is confirmed by numerous current studies. A number of cardiovascular diseases, including hypertension and diabetes, are accompanied by endothelial dysfunction, which in part may be due to defects in the EDHF system (5, 11, 22, 30) . Recently, it has been shown that the development of preeclampsia in pregnant women is associated with compromised EDHF function of small myometrial arteries (28) . We have found that EDHFmediated uterine vasodilation is impaired in the rat model of diabetic pregnancy (19) . Further studies on the mechanisms contributing to an impaired EDHF system are essential in the search for pharmacological strategies to improve maternal uteroplacental circulation in pregnancies complicated by hypertension, preeclampsia, or diabetes.
In conclusion, we demonstrated a prominent role of EDHF in ACh-induced vasodilation of small-resistance uterine arteries and established the importance of EDHF in pregnancyspecific upregulation of vasodilatory mechanisms in the maternal uteroplacental circulation. Increased EC [Ca 2ϩ ] i signaling and concomitant activation of SK Ca and IK Ca channels importantly contribute to the augmented role of EDHF in the regulation of maternal uteroplacental blood flow in late gestation.
